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Tables of photon cross sections and mass attenuation coefficients for all
elements Z=1 to 100 are given for photon energiesin therange 1 MeV to 100 GeV.
The pair and triplet production cross sections take into account recent theo-
retical work, including atomic form factor and incoherent scattering function
data, as well as extensive new total attenuation coefficient measurements at
Mainz. Cross section values for the atomic photoeffect and coherent and
incoherent (Compton) scattering are explicitly listed and are included in the
total cross sections (excluding photonuclear) and mass attenuation coefficients.
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1. Introduction and Notation

1.1. Intreduction

Photon absorption and cross section data above 1
MeV are required in a variety of applieations which
include, for example, medical radiology, industrial
inspection and processing, nuclear power plant core
and shielding design, and interpretation of nuclesr
physics experiments. The pair and triplet production
processes, with thresholds of 1.022 MeV (twice ths
electron rest-mass energy) and 2.044 MeV (four time:
the electron rest-mass energy), respectively, dominate
the total cross section for high photon energies. For
2 Jow-Z atom such as carbon (Z=6), these processes
provide the major contribution to the total absorption
cross-section in the photon energy region E 2100
MeV (see fig. 1). For higher-Z atoms such as copper
(#=29) and lead (Z=82) these processes predominate
throughout the region £2 10 MeV (see figs 2 and 3).
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Figure 1. Contributions of () atomic photoeffect, 7, (b) co-
herent scattering, scom, (¢) incoherent (Compton)
scattering, oincom, (d) nuclear-field pair produc-
tion, ., (e) electron-field pair production, ke, and
(f) nuclear photoabsorption, opgx., to the total
measured cross section, oror (cireles) in carbon
over the photon energy range 10 eV to 100 GeV.
The measured oror points, taken from 90 inde-
pendent literature references, are not all shown in
regions of high measurement density.
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Fieure 2. Contributions of (a) atomic photoeffect, 7, (b) co-
herent scattering, ocom, (¢) incoherent (Compton)
. scattering, oincom, (d) total pair production, «, and
(d) nuclear photoabsorption, opu.n., to the total
measured eross section, eror (circles) in copper over
the photon energy range 10 eV to 100 GeV. The
measured oot points, taken from 116 independent
literature references, are not all shown in regions of
high measurement density.
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Figure 3. Contributions of (a) atomic photoeffect, =, (b) co-
herent scattering, ocogm, (¢) incoherent (Compton)
scattering, e1ncon, (d) nuclear-field pair production,
kn, (€) electron-field pair produetion, «,, and (f)
nuclear photoabsorption, o¢pgx., to the total
measured cross section, epor (circles) in lead over
the photon energy range 10 eV to 100 GeV. The
measured oror points, taken from 121 independent
literature references, are not all shown in regions of
high measurement density.

Recent pair production and total absorption cross
section measurements are reported in, e.g., references
[1-23];" earlier measurements are summarized in
[24-26]. New theoretical estimates of the pair pro-
duction cross section are given, e.g., in references
[27-44), and earlier theoretical developments are
summarized in [45]. The above new material indicates
that previous tabulations of photon cruss section data
above 1 MeV (see, e.g., [26], also [44-49], all with pair
and triplet cross section values traceable to [26]) should
be revised. In particular, for high-Z materials in the
energy region 10 MeV to 30 MeV where photonuclear
absorption [50, 51] is significant, the present total
atomic cross sections differ from those in reference [26]
by as much as 4 percent.

Reference [26] included photon cross section and
attenuation coefficient data over the wider energy

range 10 keV to 100 GeV, but for only 23 elements °

ranging from Z=1 to Z=92. The present tables expand
this coverage, for photon energies above 1 MeV, to
include all elements Z=1 to 100. Also, a more closely-
spaced energy grid is used in the photon energy region
1 to 30 MeV to reduce interpolation errors. A low-
energy compilation of cross-section and attenuation-
coefficient data for photon energies 1 keV to 1 MeV,
for all elements Z=1 to 100, is in preparation.

! Figures in brackets indicate literature references at th
end of this paper.
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1.2. Physical Constants, Units, Notation 2

Symbols used in this work to denote physical
quantities, as well as numerical values used for the
physical constants, are listed as follows:

¢ velocity of light==2.99792458-10% m s~!

¢ elementary charge=1.6021892-10"* C

=4.803242-1071° cm32 g12 571 (e.s.u.)
=1.5189186 10" m?3? kg!/2 51

m, electron rest-mass=9.109534-10-% kg

mec*  electron rest-mass energy=>5.110034-10° eV

m; recoil mass (e.g., nucleus or struck electron)

b barn=10"2 m?

re classical electron radius=e?/(mc?)
=2.8179380-10"%m

rd  =7.940775-1073 m*=0.07940775 b

o fine structure constant=e?(fic)

=7.2973506-10"=1/137.03604 =1/137

$ Zrd a=272-5.79466210~% m?

=7%-5.794662-10"* b
ap first Bolur rudius=r./0*=5.2917706- 10~ m
=0.52917706 A

E photon energy in eV units (e.g., keV, MeV

or GeV)

k photon energy in units of the electron rest-
mass energy (i.e., mqc? units)
=E(eV)/511003.4
photon wavelength in angstroms (1 ang-
strom=107' m=0.1 nm)=12398.520/E(eV)
¢ angle between the photon directions of travel
prior to and following & scattering interaction
kinetic energy of the positron or electron,
respectively, for pair production in the lab-
oratory system, in m.c? units
total energy of the positron or electron,
respectively, for pair production in the
laboratory system, in m.? units, ie.,
E=T.4+1,E =T_4+1
ratio of the positron or electron velocity.
respectively, to the velocity of light

z =sin (6/2)/M(4)

fig momentum transfer to an atom or electron

(or, in vector notation, fig=k,—k;, where k,

and k; are the initial and final momenta of

the photon). In units of m.c, Ag=2k sin (6/2).

Conversion of g-arguments in m. units to

z-arguments is accomplished by multiplica-

tion by the factor 20.60744=14-511003.4/

12398.52

Z atomic number=-electrons/atom
N, Avogadro constant=6.022045-10% mol~!
A; relative atomic mass (atomic weight)
ocon Rayleigh (“coherent”) scattering cross sec-
tions per atom

AA)

T+,T_

E,, E.

By B-

? Numerical values given here are those recommended in
1973 by the Task Group on Fundamental Constants, Com-
mittee on Data for Science and Technology (CODATA) of the
International Council of Scientific Unions (ICSU) [52], taken
from an analysis by Cohen and Taylor [53].

J. Phys. Chem. Ref. Data, Vol. 9, No. 4, 1980
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Compton (“incoherent”) collision cross sec-
tion per atom
7 total atomijc photoelectric ajsorption cross
section per atom
kn  Cross section for pair producticn (coherent, in
screened nuclear field)
&"®  unscreened Born-approximsion
Heitler) pair production cross section

Tincon

(Bethe-

ke cross section for incoherent ptir production

(with excitation or jonization > the atom),
frequently denoted “‘triplet pro luction.”

opnn. total photonuclear absorption cross section
=o(y, M) Faly, P)+. . .
Gelee total cross section for photor interaction

with an atom (total “electronic’” cross sec-
tion), excluding oy ..
=0conT Oineoh+ T+ Kyt Ke

o total cross section for photon interaction with
N 810M =0 eject Opny.

u/p mass attenuation coefficient, excl1ding oopnn. .

=0eree’ (Na/4;), in units of m¥ke (multiply
m?/kg table-entries by 10 if em?/¢ units are
desired).

2. Pair Production Cross Section (Coherent, in
Screened Nuclear Field)

In coherent production an electron-positron pair is
produced in the screened nuclear field (i.e. atomic
field), and the atom recoils without internal ex:itation.
This 3s in contrast to incoherent production (see
section 3) in which the atom is either excited or
ionized (triplet production).

1. Unscreened Born Approximation, 2 € k <

As in previous systematic cross section compu- ations
m this series {24, 26], the Bethe-Ileitler Born-ay proxi-
mation unscreeped pair-production eross = saction
[54-56], ", is used as an initial approximatim to
which Coulomb corrections (treated in section 2.2),
screening corrections (section 2.3) and rad:ative
corrections (section 2.4) are applied. (See refeence
[45], equations (4.06)-(4.08), and table 6.01 1ior a
definition and limitations of the Born approxima iion,
and reference [38], section 2, for a definition of the
Coulomb and screening corrections.). Racah [56] gives
a rather compact formulation for «,P¥ which invo vos
no high-energy (k3>1) approximation:

on_3[692-+4681+ 767+ 1081

IL 27T n)° Rl
_69243609+692 ., (1—77)2[ K@)
a+nr T e L) 1o

_ n_(]gﬂ 5‘&2 1
4.[:) I—rz.ﬂ —¢ 4 ]f“)

in which ¢=22-5.794662-10" 2m? p=(k—2)/{k+2).
k is the photon energy in m.c? units and K(y) {alsc

1. Phys. Chem. Ref. Data, Voi. 9, No. 4, 1980

HUBBELL, CIMM, AND OVERBO

K5} and E(n) are complete elliptic integrals of the
first. and second kinds, respectively.

For convenience in computations, Maximon [57)
has derived rapidly-converging series-expansions from
equation (1) for high and low k-values by appro-
priately expandine K and E and performing term-by-
term analytical integrations to give

BH__7 21(5'.—_2>{
n _‘¢ 3 k

3 l]
X[1+2p-r40p 50° +960‘° + - ']’ k<4, (22)
in which
_ 2k—4
o et k+avok
and
28 218
K BH=¢ ' tn 2k - 27
___ 3 2
+(k) [etn 2% I 2%— tn? 2k
. y
—x?in 2k+2§'(3)+g]
o\ [ 3 1
~(3) [t 2”5]
(k) [9 256 ¢ 512]+ s, (@

where

=1.2020569 . . .
(Riemann’s zeta-function). (3)

o1
I’(3>'—=ZJ} ]

The two expansions (22) and (2Zb), using only the
terms given here, provide values of @ (Born,
unscreened) accurate to within 0.01 percent over the
entire energy range from threshold to arbitrarily
high energies.

2.2. Couvlomb Correction

If one disregards screening and radiative correc-
tions, the Coulomb interaction gives rise to a pertur-
bation series, the first term of which is the Bethe-
Heitler Born-approximation unscreened cross section
28, The sum of the higher-order terms in this Born
series is the so-called Coulomb correction. The im-
portance of this correction in processes like pair
produciion and bremsstrahlung stems [rom the fact
that the expansion parameter is «Z rather than a.

2.2.1. The Davies-Bethe-Maximon High-Energy Coulemb Correction

Bethe and Maximon [58] have derived expressions
for the pair production and bremsstrahlung differ-
ential cross sections valid for all Z for E., E_, k> 1m.c?
by including the Coulomb interaction in the un-
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perturbed Hamiltonian. Partial integration of these
expressions by Davies, Bethe, and Maximon [59]
_gave the result

oA B, =23k~ E% + E? +§E+E_)

X[2En 2E’};E’ -

The last term in the square brackets is the so-called
“Coulomb correction’ term in which

1—21(2)] (4)

N :
HZ)=a yz;; »(A+ad) )
where ¢=aZ.

For convenience in computation, equation (5) may
be rewritten [59] as

F@y=a2| (a4 3 (—ady [t n+D—11}  (6)
n= J
in which {(s) is again the Riemann zeta function

r(8)=n2; ne (7
such that

F(Z)=a?{ (1+a?) =} +0.202059— 0.03693a?
+0.00835a*— 0.00201a+0.00049a*
—0.000122+0.00003a—. . .}. (8)

Sgrenssen [60] integrated equation (4) over the
Coulomb-correction term to give

(248
N 4¢(9 k+3k2 9k3>.f(Z) (9}

in which the leading term is seen to be the extreme
relativistic Coulomb correction

— Ak PPM(Coul) = — 4 Z%r 2 (é) HZ)= —29—8 W2 a0)

given by Davies, Bethe, and Maximon [59].

Neither equation (9) nor (10) can be used for
photon energies much below 100 MeV, particularly
for heavy elements, and in fact either case, if unmodi-
fied, would result in 2 negative cross section for energies
below about 4 MeV.

2.2.2. Coulomb Correction for Low Energies, 2< k< 10

For low energies, exact results for the CouJomb
correction were obtained by @verbg, Mork, and Olsen
[85, 36], using relativistic Coulomb wave functions in
the form of partial wave expansions. By this method,
an analytic expression for the positron energy spectrum
is obtained in terms of partial wave sums involving
App ellfunction series, both of which converge rapidly
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{for incident photon energies near threshold (k=2 m.c?
but not adeguately for machine computation for
k210 mect.

The positron energy spectra thus obtained by
(verbp, Mork, and Olsen [35, 36] are asymmetric,
particularly for high-Z elements and for near-threshold
incident photon energies, favoring positrons of high
energy. The Coulomb correction to the total cross
section is negative for photon energies very close to
threshold, but is generally positive for 2.2 m.*<k
<10 m.c% (For detailed results, see references [35, 36];
see also section 2.2.3.)

2.2.3. Coulomb Correction for Intermediale Energies

For photon energies between 5 and, say, 50 MeV
there has been a gap in the theoretical understanding
of the Coulomb correction, and hence of the pair cross
section itself. Various empirical {26, 59] and semi-
empirical [24, 35, 36, 61] low-energy modifications,
based in part on experimental information at inter-
mediate energies, have been offered to bridge this gap.
However, interpretation of intermediate-energy meas-
urements for this purpose is not straightforward, due
to the broad and somewhat irregular photonuclear
dipole giant resonance in the region ~5—30 MeV as
will be discussed in section 7.

@verbg [39] has derived a “bridging”’ expression by
noting that s high-energy expansion of the exact dif-
{erential expressions in references {35] and [36] should
vield a Coulomb correction containing terms as given
in equation (9) plus additional terms of the form k7,
k2, .. ke Nn(k(2), B int(k(2), kin? (R(2),. . . . A
fit to the exact results in the region 3.5m.’<k=<
10m.c? [35, 36] gave the following result [39}

. - 7 2 4 8
—a0,2(Cou) =5 | ~412) (§—2+ o)

k ;
+}IE [c,hﬁ §+022n %-}—ca (1—%):‘

1 sk ek __2.)
+k2 [c&n 2+05Ln 2—!—05 (1 A (11)
m which ¢ =aZ%.? and, setting a=aZ,

61=a*(—6.366+4.14a%),

¢=a%(54.039—43.126a°4-11.264a*),

cr==a(—52.423+49.615a7 — 14.082a5),

¢,=10.938a%(1-—a/0.324).

= —12.70502(1 —a?(0).324), _

¢s==9.093a*(1—a?/0.324). (12)

Equation (11) is seen to contain the Davies-Bethe-

Maximon correction as ihe leading term. The maxi-
mum error, occurring somewhere in the intermediate
region from 5 to 50 MeV, was estimated to be of the
order of a few tenths of a percent of the total cross

section, which was also shown in {34). Recently, very
accurate measurements of the total absorption cross

1. Phys. Chem. Ref. Data, Vol. 9, No. 4, 1980
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section for Z=82 and Z=92 1 ave been made in the
energy region of 50 to 250 Me / [62] where the photo-
nuclear cross section is negligisle in comparison with
the total absorption cross section. These measurements
serve as a check of the Coulomb correction computed
using equations (11) and (12). 1t should be noted that
equations (11) and (12) also give a convenient para-
metrization of the low-energy eact results {35, 36} in
the range 3.5 m .Sk <10mec’ (with errors of the order
of 0.1 percent).

2.3. Screening Correction

As discussed by Davies, Beth:, and Maximon [59)
and in {37, 38], screening is for h gh and intermediate
energies well accounted for in the Born approximation.
This may be understood semiclassically, considering
the fact that the higher-order terms in the Born
series (which give rise to the Coilomb correction in
the unscreened case, as discussed ip seclion 2.2) are
related mainly to small distances from the nucleus,
corresponding to high momentum transfer, for which
screening is unimportant. Highsr-order screening
corrections are therefore negligibe, except for low
energies, as we shall discuss in subssction 2.3.4

'2.3.1. Bethe-Heitler Screened Born Approxiniation, High Energies
The Born approximation screenec eross section,

«nPB(scr) = 1n BB — AspPH(s0r) (18)

was worked out in the high-energy ¢ pproximation by
Bethe and Heitler [54, 63). For high energies (E},E_,
k£>1) and negligible nuclear recoil (9’<km./m., where
m, is the mass of the recoiling nuchws), their result
was

k-1 { M
ko P (ser) =gk~ L dE, [(Ei—}—EE)L (g—5)?

F(q,Z)]’dg 1,2 ,x
X[l'——T— Eg-}-] L—Fg .L.,.E_

1
X{f (ga—ﬁézq in %-}- 3529—463)
3

22T 48] 0o

in which E;, E_ are the outgoing positroa and electron
energies, §=k/(2E,E_) (hence 0<<4=<<1.() and F(q,Z)
is the atomic form factor (see, e.g., references {64, 65]
and references cited therein).

With the Thomas-Fermi [66, 67] sta istical-model
approximation for the stom, the double integrals in
equation (14) can be reduced to single iniegrals
[54, 68] as

K-
kT (sor) =@k~ f "dE, (Ei+Ei)(¢,(-y) ~3in z)
1

+§ E+E_(¢2('Y)“% b Z)] (15)
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in which the functions ¢,(y) and ¢.(v), where y==100
kE[(E,E_Z*®), were given graphically by Bethe and
Heitler [54] and by Wheeler and Lamb [68] and have
been recently discussed and tabulated by Tsai [41]
who used the Molitre |69] representation of the
Thomas-Fermi atom.

With our present knowledge of the unscreened cross
section x,®® (ci., equations (2a, 2b)) we can get more
accurate results, particularly for intermediate energies,
by calculating only the screening-correction part of
eq (14). Substituting k—E,=FE_ in equation (14)
and replacing

(=252 (-2

and dropping the constant terms 1, ¥, which cancel,
in the inner integrands, sereening corrections to the
nuclear-field pair production cross section in the
Bethe-Heitler Born approximation are calculable
according to

~sen o =gk [ dE, [ (B - By

A e [ R

+3 E+(k—E+>{ INCGEITY:
—!-3529—463) [—EQZ—Z-) (2-5“—(92‘—2—))] ‘j—?} s (16)

in which

s=I/I2E, (k—E.)], 0=<5=<1.0.

Equations (14) and (16) are similar to expressions
developed and used by Sgrenssen [60] for his extensive
numerical caleculations (from 10 MeV to 100 GeV, 25
elements Z=1 to 92) of screened pair production cross
sections. His results were the source of the pair-
production screening corrections s5FS listed (table
2.-13) and used in NSRDS-NBS 29 [26]. Sgrenssen’s
expressions differ from equations (14) and (16) in that
his inner integrals over g are taken from § to oo
(actually, truncated at ¢g=8 m.c for ‘relative error
<10~*") instead of from & to 1 m.c as above and in
reference {63]. Sgrenssen used non-relativistic Hartree-
Fock-Slater F(q,Z) values from Hanson et al. [70]
available over the range 0=<¢=<0.3 m.c, above which
he used Thomas-Fermi-Moliére (66, 67, 691 F(q,Z)
values over the remaining range 0.3<g=<8 mc.

Equation (16) should be only approximately true,
even in the high-energy limit. However, numerical
computations of the screening correction in the form
of the multiplicative factor [x,2" — Ak, P (scr))/x.P" differ
from an exact Born-approximation screening correc-
tion (which will be given in section 2.3.3) by less than
0.2 percent (less than 0.05 percent for k=5 m.c*) over
the entire photon energy range from threshold to
extreme high energies, for elements Z=1 to 50. ¥or a
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heavier element such as U(Z=92) the difference (from
exact Born, section 2.3.3) increases to & maximum of
nearly 1 percent at threshold, decreasing with increas-
ing energy to 0.2 percent or less for photon energies
above 200 mec? (2100 MeV).

A practical advantage of equation (16), in addition
to its suitability for comprehensive and detailed cov-
erage of the entire Z-E-ranges on a modest computa-
tional facility for interpolation, extrapolation and a
rough check of the exact-Born results (sec. 2.3.3), is
that the dependence of E, (or E_) is explicitly given,
as required for computations of energy deposition or
mass energy ahsorption coefficients.
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For the above purposes, particularly to aidin extrap-
olation (as will be discussed in section 2.5; see also
table 1) of the @verbg [37, 38] results to Z=1,2 and
to Z=93 to 100, values of — Ax,P¥(scr) were systemati-
cally computed by numerical integration of equation
(16) over the entire range of photon energies (1.022
MeV=EZ100 GeV) and for all elements (1=<Z=100)
considered in this work. Values of the atomic form
factor F(g,Z) used in equation (16) are those compiled
in reference [65] from the relativistic calculations by
Doyle and Turner [71]), Cromer and Waber {72] and
Averbg [783].

Table 1. Nuclear-field pair-production relativistic screening correction factors [1 - R], computed from Pverbg
[37,38] parametrized -AKnB(SCT) results for Z =3 to 92, extrapolated to Z =1 and to Z =100
using -AKth(scr), eq (16), as discussed in section 2.5.

k(m c?) E(MeV) " o WAL ol S N ol aoofm
2.0 1.022 0.9997 0.9999 0.9992 0.9999 0.9976 0.9925 0.9925 0.9904 0.9843
3.0 1.533 0.9997 1.0000 0.9999 0.9994 0.9963 0.9936 0.9910 0.9890 0.9829
.0 2.555 0.9998 1.0000 0.9999 0.9980 0.9937 0.9507 0.9878 0.9858 0.9798
10. 5.110 1.0000 0.9998 0.9982 0.9938 0.9875 0.9837 0.9803 0.9782 0.9720
20. 10.22 1.0000 0.9988 0.9936 0.9855 0.9764 0.9714 0.9669 0.9637 0.9578
30. 15.33 1.0000 0.9967 0.9886 0.9779 0.9665 0.9605 0.9547 0.9504 0.9446
50. 25.55 0.9999 0.9902 0.9780 0.9631 0.9488 0.9406 0.9337 0.9284 0.9227
100. 51.10 0.9991 0.9704 0.9538 0.9317 0.9105 0.9006 0.8916 0.8847 0.8793
200. 10z2.2 0.9935 0.9379 0.9151 0.8864 0.8583 0.8463 0.8349 0.8270 0.8220
300.- 153.3 0.9840 0.9133 0.8844 0.8529 0.8223 0.8091 0.7968 0.7887 0.7833
500. 255.5 0.9616 0.8758 0.8398 0.8055 0.7735 0.7591 0.7462 0.7383 0.7327
1,000. 511.0 0.9133 0.8163 0.7742 0.737¢  0.7059 0.6910 0.6780 0.6705 - 0.6650
2,000. 1,022. 0.8522 0.7%27 0.7086 0.6721 0.6417 0.6270 0.6145 0.6077 0.6024
3,000 1,533. 0.8143 0.7160 0.6720 0.6362 0.6069 0.5926 0.5805 0.5740 0.5688
5,000 2,555. 0.7671 0.6719 0.6288 0.5942 0.5665 0.5527 0.5413 0.5352 0.5302
10,000 5,110. 0.7070 0.6169 0.5760 0.5434 0.5177 0.5048 0.4942 0.4887 0.4841
20,000 10,220. 0.6523 0. 5680 0.5296 0.4992 0.4755 0.4635 0.4536 0.4485 0.4443
30,000 15,330. 0.6230 0.5422 0.5053 0.4761 0.4534 0.4419 0.4325 0.4277 0.4236
50,000 25,550. 0.5893 0.5125  0.4774 0.4496 0.4282 0.4173 0.4084 0.4038 0.3999
100,000 51,100. 0.5483 0.4765 0.4437 0.4178 0.3979 0.3877 0.3794 0.3751 0.3716
200,000 102,201. 0.5121 0.4450 0.4143 0.3900 0.3714 0.3619 0.3541 0.3501 0.3467

A modified Simpson-rule numerical integration pro-
cedure given by Spencer [74] was used for both the

(J)
()

integrals in equation (16), over a mesh of 500 and 200,
respectively, logarithmically-spaced points. For each
element Z=1 to 100 the inner integrals, analogous to
the ¢:(y) and ¢.(v) functions in. equation (15), were
computed for a fixed grid of 34 s-values over the
range 107#=<<3=<1.0. The outer integral in equation (16)

and outer

was then computed to give Ax®®(scr) for each of 44
photon energy values spanning the range 1.022 MeV
=<E=<100 GeV, obtaining inner-integral values by
log-log quadratic interpolation from the above 34
point-values (as a function of §) for each element
Z=1 to 100.

2.3.2. Tsai Screened Born Approximo’fon, 2&LkL @

Tsai [41] has derived diflerential cross section ex-
pressions for bremsstrahlung and photoproduction of
lepton pairs, including muons and heavy leptons as
well as electron-positron pairs, based on work of
Bjorken {75], Von Gehlen [76], and Drell and Walecka
[77] who generalized the Bethe-Heitler result to deal
with particles of arbitrary mass, spin, form factors

J. Phys. Chem. Ref. Data, Vol. 9, No. 4, 1980
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paed nrbitrnry finad states. an’s expressions, exaet
1o order o Tor pair produetion, are somewhat lengthy
and cumbersome for use in humerienl computations.

However, for electron-position pars at high energies
(o 1 ke 2m ety and small ovening angles (8,,6_<1)

Tsni’s expression for the integi al cross section, neglect-

ing the particle rest-mass in t.ie limits of integration,

reduces to the triple integral

anl - 5312'—2;5-%1 49;1:(]—1:)
xImi(ser)=4¢k fdxf dﬂ{ AT REE

XL:H [(qz—g,'.,.,ﬁ) (1—51—(‘12’@ ’ %]—_7’(7)} a7

in which x=E,Jk, {=E;26,%, ¢...}= (1+1)/[2kz(1—2)],
F(q,Z) is the atomic form fsctor and f(Z) is the
Davies-Bethe-Maximon [59] Coulomb correction dis-
cussed in section 2.2.1.

+

2.3.3. Exact Evaluation of Born-Approximclion Screening Correction to
the Total Cross Seclion

As was discussed in reference [£], including compari-
son with recent measurements [1, 2], Jost, Luttinger,
and Slotnick (JLS) [78] derived an expression for
nuclear-field pair production in tae Born approxima-
tion and for small nuclear recoil but without the ex-
treme high energy approximation. The JLS expres-
sion, also requiring atomic form-factor data F(g,Z)
as input for numerical computations (e.g., references
[3, 38]), was derived using a covaiant method based
on the unitary character of the scattering . matrix,
and is given, as typographically corected by Borsellino
[79], as

. k+V k=4 _F_(Q_Z):r L
(ser) =8k~ f e [l 7 (1 54 ) J,
+(1—q *2qk+ ) tn (Vytay—1 )+(3+

202—4\ [~ 1
T30k )‘/“y”“wm [z a+o

2k /1

in which

NI+ @) — 1~<1/y>} de 1)
N1+ @/g)+v1—(1/y)

y=1 Gok—g?). (19)

=Lz(—x1)+L2("“12)

1 1 N,
+5 tn* (I v) (5 tn v—In i‘qk)—{-%: (20)
Lo=— —? (21)

r=1 (g+VgFa) (22)
and

v=(Vy—1++y)* (23)
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L, is Euler’s dilogarithm (80, 81], sometimes called the
Spence {82] function, and is defined as

Li—n=-[ 200 (24)
L,(—z) can be expanded
Ly(—5)=3 C2 for |z <. (25)

Another useful relation is:

1 1 2’
7I’2

which was used in the computations in reference [3]}
for |z|=0.6. .

An expression for the screening correction Ax.(scr)
analogous to equation (16) is obtained by again replac-

ing the factor
[1-Pe2)]
zZ

in equation (18) by

-2 fr- 24224

This method has been used by @verbg {37, 38] and by
Gimm and Hubbell [3].

For high energies, the JLS recoil distribution may
be expanded and one gets {37]

kB (ser)=¢; (Z)+e:(Z) h}ck-*-cS (Z) A

| higher-order terms  (27)

where the Z-dependent coefficients are given as
172
L 0rg)
2 7
( 4) NEDE

Flg, 2)
xl;]—_—;i—] dg, (27a)

F(q,Z)

8__ oo
¢ (Z):§ ¢ L

1—

(Z)=—8% f 27b)

a(Z)= 8¢f

The cross section x.P(scr) is thus given in the high
energy limit by ¢(Z). A convenient expansmn of the
integrand in ¢,(Z) for small ¢ may be found in [37].

and
F(q, AN

= = [1—In (2¢)] dg.
(27¢)

1—
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Formula (18) has been used by Gimm and Hubbell
[3] to calculate screening corrections for intermediate
energies. Pverbg {37] has presented accurate results
for 36 elements Z=3 through 92, parametrized in the
form

WP (se)=0(2)+a(2) 2 4e(2) ]
35 104(2) 10 k+es(Z) In? kteo(2) fn ktei(Z)] (28)

in terms of the above coefficients ¢;(Z), ¢.(Z) and ¢;(Z)
(equation (27a)-(27c)) plus four additional coeflicients
64(Z)~1(Z) empirically fitted to the higher-order-terms
contribution indicated in equation (27). In (871, inter-
polation vs Z was performed to obtain ¢,(Z)—c;{Z)
coefficients for 54 additional elements to provide
systematic coverage for all elements Z=3 through 92.
The modified expansion formula (28) covers the photon
energy range from infinity down to ~15 MeV or
40 MeV (depending on the atomic number]j.

For the region not covered by these results, accurate
numerical values for the screening correction may be
obtained from the analytic fit [38]

— Ak, 2 (scr)= — Ry, BB (29)
with
= (1.61—5.62c-+4.93z%)/(100%)

+(—0.048—2.61246.362°—2.652%) X 10~*

+(—3.69+42.32—17.92°+40.8262°)k X 10~

+(0.119+43.582—17.22*+11.723)k* X 1073

+(0.087—2.82-+7.652)k* X 10~". (29a)
In this formula

2= (aZ)?®, (a=1/137.036)

and k is the photon energy in units of m.c?. The fit
reproduces the numerically calculated (reference [38])
values of R in the range

3.255k<90, 3=<Z=25
3.25<k <35, 26=<7Z=92

with an r.m.s. deviation of 0.0003. Deviations larger
than 0.001 oceur only for Z=3. For the elements with
Z=3 to 7 the following fit is better (with errors of the
order of 107%):

R=c,+ck+ csk*+ ci®; 3.25 5k <90; (30)

with the constants ¢;—c, (from reference [38]) given as

V4 ¢ [ €2 ¢y

3 5.12X10~  —6.22X107F 2.21X30-¢ —3. 76109
4 7.22X10%  —1.01X10™* 4.38X10-% —1.50X10-®
5 6.10X10~¢ —1.08X10~* 6.13X10-¢ —2 63X10-%
6 2.21X10* —7.94X10°5 7.15X10-6¢ —3. 47X 10-%
7 ~7.06X10"% -4 32X10~% T.80X10-%

—4, 14X10-2
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2.34. % ing € , Low

For low energies, screening is not adequatcly de-
scribed in the Born approximation, as mentioned in
the introduction to section 2.3.

This was shown by Tseng and Pratt {42] who com-
puted low-energy screened cross sections using numeri-
cally calculated radial wave {unctions, with & screened
potential of the form

V=—aZ/r+Va(r)+Vexs(r) (81

where Ve (r) is the contribution from the atomic
electrons to the potential cnergy of the crcated clee-
tron, and Vggs(r) is the Gédspar-Kohn-Sham [83, 84]
equivalent exchange potentia

Vigs (r)=—a[3 per (r)/=] (32)

i which pe(r) is the radial electron density distribu-
tion.

Tseng and Pratt observed that the results of the
above detailed computation could be approximated to
within ~1 percent, at least for k2 2.6 m.c?, by applying
to the point-Coulomb positron energy spectra of
Qverbg et al. {36] an energy-shift

A":Ve!(rn)+ VGKB(rn): (33)
in which r, is the nuclear radius, leading to
dx? (scr)¥dx8M°(E+ 44, E_—A). (34)

Combining the above results, Tseng and Pratt in
reference [43] provide a table of ™ (scr) values for
Z=13, 29, 53, 68, 82, and 92 over the range 2.1
mec® Sk < 10.0mec”

For photon energies in the range 5 to 10 m.e® the
Tseng-Pratt correction is decreasing fast, but still
positive. It has been pointed out by @verbg that the
sign of the total screening correction in this region will
change when one takes into account the Born screening
term. The point made by @verbg is that the energy-
shift screening correction in this energy region repre-
sents only the higher-order screening corrections, so
that the Born screening term must be added sepa-
rately [38]. Arguing for a somewhat different energy-
shift, viz.

A=Vel (0)1 (35)

(corresponding to no exchange for the positron and
neglect of exchange for the electron) @verbg thereby
gets sereening coriections which are somewhat larger
than those of Tseng and Pratt for £53 and smaller for
k 23, becoming negative for k25 mc?. @verbg presents
his results for the low-energy screening correction as

K (SCP) =k, BB+ Ak, @ (scT),

Axy? (ser) =—Ax, B (ser)+Ak? (ser, higher order)
(36)

J. Phys. Chem. Ref. Dats, Vol. 9, Ne. 4, 1980
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where he higher-order screening correction, obtained
by integrating over equation (34), is given in param-
etrized form:
AL? (ser, higher order)=a?Z® exp(S) barns (37)
in whicl |
8=—7.904—1.737a-+7.465a"
+(—0.048-+0.894a—2.541a?) In k
+(—1.216+5.1580—4.83a%)/(k—2)

—0.219/(k—2)?, (37a)

= A2 ¥ (scr, h.o.)

AxTP=P?(ser, hool)

=A«k? (ser, hoo)

in which “h.0.” signifies “higher-order,”

A= \gTF (scr, h.o.) at k=2.3m.c’.
and

B=1«?(scr, h.o.) at k=5.0m.c?,

Table 2.

obtained by smyothly joining (a) the results of Tseng and Pratt [43] (k <
These corrections, added to the [1 - R]-values in table 1,

2y
(k> 5.0 M C )

=exp {in A—In (%)

Low-energy higher-order screening corrections AKnTP'w(scr,h.o.)/|<n

HUBBELL, GIMM, AND OVERBO

with L 1o units of me? and a=aZ. Equation (38)
reproduces the calculated values in the range 3m.c:<
k=10 m.c® with errors of the order of 107X, and
may safely be used for extrapolation up to k~(2
+732{40) m.c* (for large Z). For higher energies, the
higher-order screening correction is negligible, as
discussed at the beginning of section 2.3. For the
region below k=3 m.c? results are given [38) in terms
of tables for the total cross section &, including
screening and Coulomb corrections.

In table 2 we present values of the low-energy
higher-order screening correction factor composited
by smoothly (log-linearly) joining the Tseng-Pratt and
Overbg results as follows

for k=<2.3m.c?

(E<1.18 MeV)

in k—2.0
(23 2.0

tn (5 0—2.0
2.3—2.0

for 223< k< R0

for k=5.0 m.c?
(E22.56 MeV) (38)

The values in table 2, Ax,TP~?(scr, h.o.)/x,®2, are to be
added to the entries in table 1, 1.0— Ax,B(scr)/x,B8, to
give the total screening correction factor.

RH to nuclear-field pair production,

2.3m,c?) to (b) those of Pverty [38]
give the total screening factors used

in computing tle nuclear-field pair production cross sections in table 6.

. k(mecz) I(Mev) 1t 6L 137%
2.10 1.073 0.0079 0.0195 0.0430
2.15 1.099 0.0035 0. 0080 0.0190
2.2 1124 0.0022 0. 0055 0.0122
2.3 1.175 0.0013 0. 0031 0. 0069
2.5 1.278 0.0006 0.0017 0.0039
3.0 1.533 0. 0002 0. 0008 0.0018
4.0 2.044 0.0001 0. 0003 0.0008
5.0 2.t55 0 0.0002 0. 0005
6.0 3.056 0 0.0002 0.0004
8.0 4.038 0 0.0001 0.0002

10.0 5.10 0 0. 0001 0.0002
15.0 7.6€5 0 0.0001 0.0001
20.0 10.22 0 Q 0.0001
30.0 15.33 0 0 0. 0001
40.0 20.44 0 0 0. 0001
50.0 25.55 0 0 0.0001
60.0 30.66 0 0 0. 0001
80.0 40.88 0 0 0.0001
100.0 51.70 0 0 0.0001
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29U 53 est" g2Pb g2V 100M™
0.1560  0.5100  0.8900  1.3150  1.6500  1.9400
0.0890 Q.2710 0.4750 0.7290 0.9700 1.155%0
0.0610  0.1750  0.3090  0.4940  0.6560  0.7900
0.0344  0.0980  0.1725  0.2750  0.3640  0.4400
0.0160 0.0481 0.0849 0.1373 0.1858 0.2308
0.0065  0.0183  0.0324  0.0535  0.0746  0.0961
0.0025  0.0070  0.0124  0.0208  0.0300  0.0400
0.0014  0.0080  0.0071  0.0120  0.0176  0.0240
0.0010  0.0027  0.0046  0.0075  0.0107  0.0143
0.0006  0.0016  0.0027  0.0041  0.0056  0.0073
0.0005  0.0012  0.0019  0.0028  0.0037  0.0046
0.0003  0.0008  0.0011  0.0016  0.0020  0.0023
0.0003  0.0006  0.0008  ©.0011  0.00013  0.0015
0.0002  0.0004  0.0006  0.0007  0.0008  0.0008
0.0002  0.0004  0.0005  0.0005  0.0006  0.0006
0.0002  0.0003  0.0004  0.0004  0.0004  0.0004
0.0002  0.0003  0.0003  0.0004  0.0004  0.0003
0.0001  0.0003  0.0003  0.0003  0.0003  0.0002
0.0001  0.0002  0.0003  0.0002  0.0002  0.0002
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2.4. Radiative Correction

An additional correction, omitted from all the above
unscreened and screened theoretical estimates of the
nuclear-field pair production cross section, is the
“radiative correction” [85-95]. This correction, of the
order of 1/137, is associated with the emission and
reabsorption of virtual photons and with the emission
of both soft and hard real photons.

For purposes of the present work, numerical values
for the radiative correction were obtained from for-
mulas and tabulated values given by Mork and Olsen
[92). For moderately low energies and for extreme high
energies Mork and Olsen give, respectively,

In 2k—1.58

A (rad. corr.)=0.93 In 2%—2.08 %

(no screening; 30 m.c2 <<k <100 mec?) (39)
and

Table 3. Radiative corrections

A{rad corr)

1033
A(rad. corr.)=(0.93+40.05)%,

(complete screening; 1000 m.c2<k< ) (40)

In the intermediate region (partial screening; 100
M2 k<1000 mec?) radiative correction values were
obtained by interpolation and extrapolation of table IV
of Mork and Olsen [92].

Mork and Olsen [92] do not claim any validity for
equation (39) for £<30 mec?, and it can be seen also
that this equation has a singularity at {n 2k=2.08 (or
at k=4.0 m.c?. Since no theoretical estimate, to the
authors’ knowledge, is available covering the region
2 m.c*<k<30 m.c’, an empirically-determined sine-
function cut-off has in this work been applied to
equation (39) to give a total attenuation coefficient
in the region 5 to 10 MeV consistent with available
recent measurements.

Sample values of the radiative correction A{rad.
corr.), composited as described above including the
sine-funetion law-energy cut-off, are listed in tahle 3.

(percent, positive) to nuclear-

field pair production, from Mork and Olsen [92] (their table IV, egs X.3,
X.4). with empirical (this work) low-energy sine-function cut-offt.

E(MeV) 1H ]3ASL
3.0 0% 0%
4.0 0.06 0.06
5.0 0.21 0.21
6.0 0.42 0.42
8.0 0.88 0.88
10.0 1.18 1.18
15 1.16 1.16
20 1.13 1.13
30 1.10 1.10
40 1.09 1.08
50 1.07 1.07
60 1.06 1.06
80 1.05 1.04
100 1.03 1.03
150 1.01 1.00
200 .99 .98
300 .9 - .95
400 .95 .94
500 .94 .94
600 .93 .93
© .93 .93

2.5. Composited Nuclear-Field (Coherent) Pair

Production Cross Section

For purposes of the present tabulation of photon
cross section and mass attenuation coefficient data,
we have constructed a table of coherent pair produc-
tion total cross sections «, (listed as “PAIR PRO-
DUCTION, NUCLEAR FIELD” in table 6). This
was done by selecting among the above theoretical
cross section estimates (including Coulomb, screening

20Cv 505" g2Pb 100f™
0% 0z 0% 0%
0.06 0 0

0.21 0 0

0.42 0.03 0

0.88 0.26 0.06 0.06
1.8 0.61 0.28 0.28
1.16 1.16 1.02 1.02
1.13 1.13 1.13 1.13
1.10 1.70 1.10 1.10
1.08 1.08 1.08 1.08
1.07 1.06 1.06 1.06
1.05 1.0 1.0 1.0
1.04 1.02 1.02 1.02
1.0 1.01 1.00 1.00
.99 .98 .96 .9
.97 .95 .9 .94
.94 .94 .93 .93
.93 .93 .93 .93
.93 .93 .93 .93
.93 .93 .93 .93
.93 .93 .93 .93

and radiative corrections) according to the following
scheme:

1.022 MeV=<E=<5.0 MeV (2.0 m*<k=<9.78 mcc?):

For this range, where theoretical estimates are
mostly given in terms of more or less densely tabu-
lated numerical values, the cross section was obtained
as

J. Phys. Chem. Ref. Data, Vol. 9, No. 4, 1980
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Kn=x,}3H [KgMO/KEH] {[KiH—AKS (ser)
+-AxTFP? (scr, h.o)])/«2Bl (a1)

where x,®® is the Bethe-Heitler [54] unscreened Born-
approximation cross scction computed using the
Maximon [57] expansion n equation (28) for k<4 m.?
and in equation (2b) for k>>me.c?. The ratio x,?MO /3"
was interpolated from tie @verbg-Mork-Olsen low-
energy exact unscreened numerical results discussed
in section 2.2.2. The exac ~Born (B) and higher-order
(TP-) screening correcticns, — AxB(scr) and Ax,TP—9
(ser, h.o.) have been discissed in sections 2.3.3 and
2.3.4, respectively, and are1abulated (in multiplicative-
factor form) for some sariple elements and photon
energies in tables 1 and 2.

Although —AxyB(scr) is seen to be a small or
negligible contribution in th:s energy region, it becomes
comparable in magnitude to Ax,TP-?(scr, h.o.) for
. high-Z elements for £25.0 71.c%. The extrapolation of
available (Z=3 to 92) — Ak, B(ser) results to  all
elements Z=1 to 100 will be discussed below. As can
be seen in table 1, and as discussed in reference {38,
(section 3.4; see also fig. 2 in |38]), — Ax,B(scr) remains
a small but finite negative cor-ection even at threshold
(k=2.0 m.c*) because “even fur low energies a certain
fraction of the pairs are produced in the electron
charge region (mostly in the inner part) where the
electric field is reduced compired to the unscreened
case.”’ '

5.0 MeV<{E=2100 GeV (9.8 mei 2<Ck<C1.96 X 10° moc¥)
For E>5.0 MeV, the cross setion was obtained as

wn=[x5 *{[x5 " —akF (ser)+akf (ser, h.o.)]/kER]
— 8«8 (Coul)]-[1+ A(rad. corr.)]. (42)

The quantities x,®* and — Ax,®(s:r) were defined for
equation (41), sbove, and Ax®'scr, h.0.)=AkTP-9
(ser, h.o.) (equation (38)) in this energy region.
Numerical values of —Ax(scr), it the form of [1—R)
=[1— Ax®(scr) /x,®®), were assemb.ed, for purposes of
this compilation, as follows, in wh.ch R has the same
meaning as in equations (29) and (30):

[1—-R), Z=1,2:

“Exact Born” (see sec. 2.3.3) sersening corrections
Axy® were not computed in reference [37] for Z=1 and
2. However, for Z==3 to 6, [1 —R)-va ues computed as
[1— (Axs"® (scr)/x.PB)] using equation (16) were found
to differ by less than 0.05 pcreent from {1- R} com-
puted as [1— (Ak®(scr)/x,"%)] using equations {28-30).
Hence for Z=1 and 2, for which differences should be
even smaller if —AxB(scr) were available, [1—R)
values computed from equation (16) were used directly
except for k=<15m.c?, where the —A«B(scr) energy-
dependence for Z=3 was applied as a s1aall (<0.03%,)
correction.
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[1—R), Z=3 to 92:

For all elements Z=3 to 92 the exact-Born screening
factor |[1—H), sample values of which are given' in
table 1, were computed over the entire energy range
2.0 mc*<k=2.0X10° m* using equations (28, (29,
20a), and (30), ench in its specified region of validity.
Numerical values for the coefficients ¢, to ¢; used in
equation (28) were 1aken from table I of reference [37].
These coefficients, as was discussed in section 2.3.3,
were fitted to — Ax,®(scr) values computed by @verbg,
using the Jost-Luttinger-Slotnick [74] formulation
given in equation (18), for all elements Z=3 to 20
and for 18 elements in the range Z=22 to 92. @verbg
includes (in table 1, reference [37]) coefficients ¢; to ¢
for the remaining 54 elemenis in the range Z=21 to
91, obtained by Z-interpolation, also used in the
present work.

[1—R], Z=93 to 100:

For Z=87 to 92, k5200 m.c? [1—R] values obtained
from equation (16) differ systematically from values
from equation (28) by nearly a constant 0.2 percent.
increment, while for lower energies this difference in-
creases by varying smounts to as much as 41.0 per-
cent at £k=2.0 m.c® for Z=92. This near-threshold
larger difference results because —Ax,®(scr) goes to a
finite value at threshold, rather then to zero as does
— Ax,"B(scr), as discussed above and in section 3.4 of
reference [38]. Thus [1—R] values for Z=93 to 100
(Z~100 example given in table 1) were obtained for
k=200 mc* from equation (16), decreased by 0.2 per-
cent. For lower energies, the Z=93 to 100 [1—R]
values use the Z=92 — Ax,(scr) energy dependence,
normalized to the — Ak PH(scr) values from equation
(18) (less 0.2 percent) at k=200 m.c>.

In equation (42) the Coulomb correction Ax,?{Coul)
is that of @verbg [39] given in equations (11) and (12)
in section 2.2.3. Finally, the radiative correction A(rad.
corr.) in equation (42) is that of Mork and Olsen [92],
extrapolated to energies below 15 MeV as discussed in
section 2.4.

The magnitudes of the above corrections (screening,
Coulomb and radiative) are shown in the form of per-
cent contributions to k, (equations 41 and 42) in
figures 4, 5, and 6 for carbon, copper and lead, respec-
tively. Also shown, for comparison, are the Davies-
Bethe-Maximon (DBM) [59] extreme high-energy
Coulomb correction and the Sgrenssen {65] Coulomb
correction, both of which are restricted in application
to energies above ~10 MeV for a light element such
as carbon, and to above —200 McV for a heavy ole-
ment such as lead.

We emphasize that in the region E<(15 MeV theo-
retical estimates of the radiative correction A(rad.
corr.) are lacking, and that this correction has been
extrapolated to threshold by an ad hoc procedure in
which this correction is mneglected altogether for
E <4 MeV for low-Z elements and for £ <8 MeV for
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The high-energy Coulomb corrections of Davies, Bethe and Maxi-
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percent form for comparison.
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The high-energy Coulomb corrections of Davies, Bethe and Maxi-
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percent form for comparison.

high-Z elements (table 3). From this source, in the
present tables for «, (eq:1ations (41) and (42)), one may
expect errors of the orcer of 1 percent for the energy
range 1-10 MeV.

In equation (42) the Mork-Olsen radiative correc-
tion is taken to apply also to the Coulomb correction.
Strictly speaking, this i3 probably not quite correct,
but the error introduced will probably be small, of the
order of 0.1 percent. Errors of the same order are
introduced by the neglect (except for low energies) of
higher order screening corrections [3, 37, 38].

For intermediate enerzies, the uncertainty in the
Coulomb correction may be a main source of error
{cf. sec. 2.2.3). This uncertainty has been estimated to
be & few tenths of a percent [39].

It should be noted that the form factors {64, 71-73]
that were used in the screening calculations on which
the present tables are base:l are free-atom form factors.
For high energies, the screening effect depends strongly
on the electron charge densities at large distances from
the nucleus, i.e., at the iteratomic boundaries. We
have not estimated to whitt extent such interatomic
“binding” effects may chinge the form factors for
small momentum transfers and hence the screening
correction AxB(ser).
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3. Incoherent Pair Production Cross Section (Pair
Production with Excitation or lonization (Trip-

let Production))
3.1. General Remarks

Whereas pair production on free electrons has a
threshold of 4 mec? (=2.044 MeV), as required by the
sharing of the photon energy and momentum between
the target electron and the created pair, the threshold
for incoherent production on atoms strictly speaking
lies only slightly above 2 m.®. The reason is that
momentum can be transferred to the atom both in
excitation and ionization [96]. The cross section below
4 m.® will however be very small, and is neglected in
table 6.

In the case of ionization, the tracks of the two
electrons and the positron may be visible as three-
prouged events in a streamer or cloud chamber or in
a photographic emulsion: hence the name “triplet
production.” In the present work, “‘triplet” or “triplet
production” is frequently used as a synonym for Fhe
whole process of incoherent production, i.e., including
also excitation.

An exact theoretical treatment should include the
following effects:
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(i) atomic binding of the target electron,

(ii) screening by the other atomic electrons and
by the field of the nucleus,

(iii) retardation which occurs when the atomic
electron recoil velocity is not negligible in compari-
son with the velocity of light.

(iv) the y—e interaction of the incident photon
with the atomic electron (i.e., virtual Compton
scattering in which the scattered photon gives rise
to an electron-positron pair).

(v) exchange terms resulting from the indis-
tinguishability of the two electrons, and

(vi) the radiative corrections.

No one treatment has included all six of these
effects, so numerical values are usually obtained from
a combination of one or more of the following theoret-
ical treatments, all of which employ the Born approxi-
mation.

3.2. Unscreened Triplet Calculations

3.2.1. Borsellino-Ghizzetti Triplet Formulas

Of the effects listed in section 3.1, above, Borsel-
lino [97] took into account only retardation (iii) to
derive an expression for the triplet cross section

x. (Borsellino corrected) =Zar.? {— in (2k)— ?E;

“1%[% {n® (2k)—3 tn? (2k)+6.84 In (21:)—21.51]} (43)

in which & sign-error in the last term (—21.51),
pointed out by Mork [98], has been corrected. Suh and
Bethe [99] have shown that at high energies Borsel-
lino’s neglect of exchange (v) is unimportant.

Ghizzetti [100] derived additional terms, through
k7, for equation (43) to give the Borsellino-Ghizzetti
expansion

k6= Zar? @ 2k—31§
1/ 4 60+16a
+k( 5 I 20+3 tn? 20— 22 tn 2k
+123+12@+16b)
+k2<8 {n® 2k—4 In 22k+51+32“ in 2k
_ 123+3Za+64b)
6
17, 2915—288a
+ka(“’? 2k— a zk——m__)
1 49 115
+"§<—~1—8~ﬂn 2k~ 122
10831
+k5< 36 I 2k g0 8640
1/ 641 64573
75~ 300 ' 2+ 35000

1037
1/ 4423 394979
+7c7( 1800 2"+216000)+"'] (49)

with a=—2.4674 and b=—1.8031.

3.2.2. Votryba-Mork-Haug Triplet Calculations

Votruba [101] derived differential expressions (of
considerable complexity) for the triplet cross section
which include the effects of y—e interaction (iv) and
exchange (v) in addition to retardation (iii). These
expressions were integrated numerically by Mork
[98] for photon energies 4m.*=<k=<16m.c*. Later,
Huuy [102] derived a lengthy analytical expression
for the integrated triplet cross section, from which he
computed numerical values of the cross section
over the range 4.001 m*<k=5000 m.c’, above which
2 is indistinguishable from the Borsellino-Ghizzetti
triplet cross section «.*® given by equation (44). The
Haug numerical results, which still neglect atomic
bLinding (i), screening (i) and radiative corrections
(vi), but which include retardation (iil), y—e inter-
action (iv) and exchange (v), are given in table 4 in
the form of the ratio «c/kc2¢

3.3. Triplet Screening Corrections

3.3.1. Bethe-Heitler, Wheeler-Lamb Formulas

Analogous to the nuclear-field pair-production
cross section expression in equation (15) for a Thomas-
Fermi [66, 67) atom, Wheeler and Lamb [68] derived
from the Bethe-Heitler {54] results an expression for
the cross section x.*F(scr) for incoherent pair pro-
duction on atoms (‘“‘screened triplet’’), valid for high
energies

KT (ser)=Zar 2k le dE, [(Ei-i—E?_)

X(h-Stn 2 2B E (b~ Z) | @)
in which the functions ¥,(y) and ¥:(v), where v
=100 k/E,E_Z**, were given numerically (graphically)
by Wheeler and Lamb [68].

The Wheeler-Lamb ¢;(y) and ¢,(y) functions are
associated with the inner integrals over dg of the
Bethe-Heitler [54] formula (equation (14)) in which
the form-factor bracket

[-242]

has been replaced by the incoherent scattering function

S(g, Z)
VA

counterpart. The Thomas-Fermi S(g,Z) values used by
Wheeler and Lamb to obtain ¢,(y) and y.(y) are the
S(») values taken from the works of Heisenberg [103]

J. Phys. Chem. Ref. Data, Vol. 9, No. 4, 1980
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; . H, BG
Jable 4. Ratio Ke /Ke

triplet cross section « H

%, given in eq (44}.

k(mecz) KEH/KeBG k(mecz)
4.000 0 6.6
4.001 .000098 7.0
4.002 . 000393 7.4
4,003 . 000888 7.8
4.004 .001583 8.0
4.005 . 002477 9
4.01 . 009871 10
4.02 . 03684 11
4.03 . 07284 12
4.04 .1098 13
4.05 1444 14
4.1 , 2489 16
4.2 L3418 18
4.4 L4491 20
4.6 .5254 25
5.0 .6335 30
5.4 .7066 35
5.8 .7595 40
6.0 .7803 45
6.2 .7990 50

and Bewilogua [104]. It should be noted that the use
of the incoherem scattering function in ‘‘screened
triplet” calculations is equivalent to taking into
account, at least npproximately, both ionization and
excitation of the atom [68]. This is the reason for mak-
ing a principal dist netion (as in sec. 2 and 3) between
coherent and incol erent production, rather than be-
tween pair produ:tion and pair production with
iomization.

In this work the Bethe-Heitler formulation is used
directly, following Knasel [30], using the updated
S(g,Z) values compiled by Hubbell et al., [64] prin-
cipally from the coafiguration-interaction Z=2 to 6
results of Brown {106' and nonrelativistic Hartree-Fock
results of Cromer and Mann [106-108] for the remain-
ing Z’s. Cast in the form of the screening part only,
analogous to equat:on (16), the triplet screening
correction — Ak 2% (sc1) is

—AkPR (scr) =4Zartk— f T E, [[Eﬁ —(k—E, )
1

x{f (g— 5 [S—(%’_Q—lj sj;hg E.(k—E,)

Mo q.. [S(Q, Z)_ ]@
X{fé (qa 66% &n g—-3629—463> 7 1 ¢ ]

(46)

in which, again, s=k/[2i7,(k—E,)}, E; is the positron
(or electron) total energy in m.c? units, k is the incident
photon cnergy in m,.c’ units and ¢ is the momentum
transfer in ne.c units.
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of the Haug [102] unscreened exchange-corrected
to the Borsellino-Ghizzetti [97,100] cross section

H/KeBG k(mecz) KeH/Ke

.8305 60 1.0105
.8552 70 1.0099
.8746 80 1.0094
.8913 90 1.0089
.8988 100 1.0085
.9268 150 1.0067
. 9463 200 1.0084
. 9605 300 1.0040
.9708 400 1.0031
L9784 500 1.0026
.9841 6C0 1.0023
.9927 700 1.0019
. 9984 800 1.0017
.002¢% 900 31.0019
.0073 1000 1.0014
. 0097 1500 1.0009
.0106 2000 1.0007
L0110 2500 1.0006
.0110 3000 1.0005
.0109 5000 1.0003

Table 5 gives triplet screening corrections obtained
by numerical integration of equation (46), using in-
coherent scattering functions S(g,Z) from reference
{64), m the form of a multiphicative factor [«
— Ak BB (scr) i/« to be applied to the Haug [102] cross
section k. The differences between values of
— Ak.PE (scr) computed using equation (46) and values
from a more exact calculation (— Ax.BMC(scr), equation
(48) 1n sec. 3.3.3, below) are less than 0.6 percent of
the unscreened triplet cross section &P for high-Z

elements, and even less for light elements.

3.3.2. Jost-Luttinger-Slotnick Triplet Screening

Other formulations have been used for obtaining
numerical estimates of the screening effect on triplet
production, all of them adapted from the nuclear-field
cross-section expressions, and also requiring knowledge
of the incoherent scattering function S(¢,Z). In the
cross section analysis by Gimm and Hubbell [3], the
Jost-Luttinger-Slotnick {78] nuclear-field formulation
for k.B(scr) in equation (18) was used, replacing the
quantity [1—(F(g,2)/Z)} by [S(q,Z)/Z] to give the
screened electron-field cross section x . *8(scr).

Thus in reference |3] the triplet screening correction
was computed as

: s e (k-4 S(g, Z d
— AP (ser) =87 ~r¥l" ‘.L' s [(QT’)_1] { } _g_g
(47)

in which the curly brackets |} represent the cxpres-
sion enclosed in equution (18), and S(g,Z) was taken
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Table b.

Electron-field pair production (triplet) screening corrections computed using

eq (46) with S(g,Z)'s from [ 64} given here as a muitiplicative factor LKZ - AKzH(SC\")]/Kg.

k(mecz) E(Mev) M o 13h
4.0 2.064  1.0000  1.0000  1.0000
5.0 2.555  1.0000  1.0000  1.0000
10. 5.110  1.0000  1.0000  1.0000

20. 10.22 1.0000 © 1.0000  0.9995
30. 15.33 1.0000  0.9999  0.9983

50. 25.55 1.0000  0.9991  0.9945

100. 51.10 1.0000 0. 9940 0.9833
200. 102.2 0.9997  0.9808  0.9606
300. 153.3 0.9983  0.9682  0.9408
600. 266.6 0.9921 0.9459 0.9097
1,000. 511.0 0.9706  0.9035  0.8593
2,000. 1,022. 0.9312  0.8502  0.8031
3.000 1,533. 0.9018  0.8162  0.7692
5,000 2,555. 0.8608  0.7727  0.7269
10,000 5,111. 0.8031  0.7155  0.6721
20,000 10, 220. 0.7468  0.6623  0.6217
30,000 15,330. 0.7154  0.6334  0.5944
50,000 25,550. 0.6785  0.5997  0.5627
100,000 51,100. 0.6328  0.5586  0.5240
200,000 102,201. 0.5918  0.5220  0.4897

also from the compilation in reference [64]. In the
high-energy region where screening becomes signii-
icant, as indicated in table 5, screening corrections
computed using equations (46) and (47), respectively,
tend toward numerically identical values.

3.3.3. Borsellino-Maximon-Gimm Triplet Screening

In addition to the above treatments, Maximon and
Gimm [109] have recently obtained triplet sereening
corrections AxPMC(scr) by casting the Borsellino [97]
recoll distribution depes/dg in & form {from which this
correction can be computed as

Gmax

-AfoG(scr)=J
g

S(Q,Z) daBors
dq[ z -1 dg (48)

'min

analogous to equations (46) and {47) above. Maximon
and Gimm provide numerical AxPMC(ser) results for
several elements, computed using S(g,Z) values
compiled in reference [64]. Also, in addition to pro-
viding a tractable although lengthy expression for

dopore s

dg

the Maximon and Gimm work provides an up-to-

date survey of triplet cross section theoretical
developments.
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200U 53! get’ g2t 92U 100™
1.0000  1.0000  1.0000 1.0000  1.0000  1.0000
0.9999  0.9997  0.9983  0.9976  0.9971  0.9967
0.9992  0.9965  0.9946  0.9929  0.9917  0.9907
0.9961 ~ 0.9898  0.9859  0.9824  0.9798  0.9778
0.9922  0.9825  0.9770  0.9719  0.9683  0.9656
0.0838  0.9685  0.9605  0.9529  0.9479  0.9441
0.9633 0.9390 0.9267 0.9155 0.9090 0.9040
0.929  0.8971  0.8803  0.8661  0.8588  0.8527
0.9035  0.8676  0.8485  0.8329  0.8257  0.8189
0.8651 0.8266 0.8063 0.7885 0.7817 0.771M
0.8065 0.7672  0.7462  0.7265  0.7207  0.7124
0.7453  0.7070  0.6880  0.6662  0.6613  0.6528
0.7100  0.6728  0.6502  0.6326  0.6283  0.6198
0.6674  0.6317  0.6701  0.5928  0.5892  0.5808
0.6141  0.5807  0.5605 - 0.5440  0.5411  0.5330
0.5662  0.5352  0.5164  0.5009  0.4984  0.4908
0.5407  0.5110  0.4930  0.4780  0.4757  0.4684
0.5113  0.4831  0.4661  0.4518  0.4497  0.4427
0.4757  0.4494  0.4335  0.4202 0.4183  0.4117
0.4843  0.4197  0.4049  0.3923  0.3906  0.3844

3.4. Radiative Correction to the Triplet Cross Section

Quantitative theoretical estimates of the radiative
correction (vi) for the triplet cross section are available
only for high energies, for which it has been argued by
Mork [98] that the correction factor is the same as for
pair production {92]. In the present work, as in refer-
ences (3], [26], and [109], the triplet radiative correc-
tion factor is taken to be 1.01 for the entire energy
range E=2.044 MeV.

3.5. Composited Triplet Production

For purposes of numerical computations of the
triplet cross section «. (“PAIR PRODUCTION,
ELECTRON FIELD” in table 6), all effects (i) to (vi)
listed in section 3.1 were taken into account at least
approximately by using the expression

ke=xP0- [,k 2] {{«F —AxDT (ser)}/xi}-1.01 (49)
consistent with the formulation suggested by Mork
(in reference [26]).

In equation - (49) the retardation (ifi) effect is
mcluded in the Borsellino-Ghizzetti {97, 100] un- .
screened triplet cross section kc°C computed using
equation (44). The y—e interaction (1v) and exchange
(v) effects are included as the ratio «./xk.2¢ of the
Haug {102] numerical results «* to ¢ as listed in
table 4.

J. Phys. Chem. Ref. Data, Vol. 9, No. 4, 1980
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The atomic binding (i) and screening (i) effects
were computed using the Bethe-Heitler (Wheeler-
Lamb) approximation AxPH(scr) given in equation
(46) using non-relativistic incoherent scattering func-
tions S(g, Z) from reference {64]. This correction was
applied in equation (49) in the form of the ratio
{{ke® — 0 ¢P¥ (scr)]fx®}, some sample numerical values
of which are listed in table 5.

4. Incoherent (Compton) Scattering

Extens ve reviews of theoretical and experimental
informati>n on Compton scattering are given, e.g.,
in referenes {64, 111-113). In this process a photon of
energy k in m.c? units) collides with an electron and
leaves the collision-site, with a reduced energy &', at
sn angle ¢ from its original direction of travel. The
relationshi) between k, k', and 6, assuming the target
electron to be initially free and at rest, is (Compton
{113], Debye [114))

2 SR — (50)

[14-k(1—cos 8)]
as determintd from conservation of momentum and of
energy betw.:en the photon and the recoiling electron.

The angu:ar distribution function for unpolarized
photons, unier the above assumptions and also
neglecting radiative corrections (see, e.g., [115-117])
and double-Compton effects (see, e.g., (116, 118, 119]),
is given by the: Klein-Nishina [120] formula

d—o(’i‘;?z(—(’): %2 {1:+lc(1—~cos 8)]
£ (1—cos 6)?

: X[1+cosz 0+m

{51)

in which the diTerential solid angle d2 (in steradians)
is

dQ=2rsin 0 d#. (52)

Integration ol equation (51) over all angles from
6=0 to == gives the Klein-Nishina total Compton
cross section oxy Der target electron as®

6=r
oxn= f " don 0

gz |LEE[204E)

in (1+2k)
P

T2k T
n (1-+2k) 143k |
+ 21,-’_’_(1+2Ic)2]L (83)

3 Below 100 keV equation (53) becomes unsuitable for compu-
tation because of ne:r-cancellation between the logarithmic
and purely algebraic terms. In this energy region the ex-
pansion {26]

”KN=§ are —(_l+—121?,3(1 +2k+g k‘—% k“’f‘% k*— 565 &
8 4
+1_0—5 ke m A ) ’ (53a)

may be used.
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Over most of the region in which Compton scattering
is a major part of the total cross section, the Klein-
Nishina theory is directly applicable. Departures from
the Klein-Nishina formula occur at low energies
because of electron binding effects, and at high energies
because of the possibility of emission of an additional
photon (double Compton effect) and radiative correc-
tions associated with emission and reabsorption of
virtual photons.

The electron binding effects can be taken into
account in the impulse approximation ¢ by including
the incoherent scattering function S(q,Z) as a factor

. in the Klein-Nishina integrand in equation (53) to

give a total bound-electron Compton scattering cross
section per atom

S ﬁ :'daKN ©) S(g, Z) (54)

in which the momentum transfer g for incoherent
scatiering is ®

2k sin (8/2) 1+ (¥*-+2F) sin® (§/2) (55)

¢ (incoh)= [142F sm? (8/2)]

and doxx(6) is given in equation (51).

The integration indicated in equation (54) for the
bound-electron Compton seattering eross section app
has been performed numerically in reference |64) using
non-relativistic Hartree-Fock values of the incoherent
scattering function S{(g,Z) which is compiled therein
for all elements Z=1 to 100 for photon energies 0.1
keV to 100 MeV. The Mork {116} combined radiative
and double-Compton correction AccM as interpolated
and extrapolated in reference 126} (isble 2.-8) was
included in the total incoherent scattering cross sec-
t101S ¢ineon listed in reference {64] (table 11.) as

Omen=0pp+A0cM. (56)

In the present work, for photon energies 1 to 100
MeV, values of o1pcon (“SCATTERING, INCOHER.”
in table 6) as given in equation (56) are taken directly
irom reference [64]. Above 100 MeV where electron
binding effects are (in the impulse approximation/
incoherent scattering function approximation) vanish-
ingly small, table 6 values for ocq Were computed as

Ulncoh=0KN+AUCM, E>100 Mev (57)

in which oxxy is the total Klein-Nishina Compton cross
section given in analytical form in equation (53) and
AocM is again the Mork [116] combined radiative and
double-Compton correction as listed in reference [26].

s See, e.g., Eisenberger and Platzman [121] and Cooper [122)
for discussions of the validity of the impulse approximation.

5 Equation (55) for g(incoh), here corrected, contained in
reference [26] [equation (2.-20)] a typographical error, as
pointed out by Tseng, Gavrila, and Pratt [123)in that & should
appear throughout the expression in the form sin 4/2).
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5. Coherent (Rayleigh) Scattering

Coherent (or Rayleigh [124, 125]) scattering is a
process by which photons are scattered by bound
atomic electrons and in which the atom is neither
ionized nor excited. The scattering from different
parts of the atomic charge distribution is then ‘“co-
herent”, i.e., there are interference effects.

As indicated in figures 1-3 this process takes place
predominantly below the energy range 1 MeV—100
GeV of the present tabulations, and for heavy ele-
ments. The maximum contribution of e t0 040 in
table 6 is for 1 MeV photons iu Fu(Z=100) where
0. accounts for 5 percent of the total cross section,
but rapidly decreases to two orders or more of magni-
tude less than o, elsewhere in table 6.

Thus o., in the present tabulation-range, plays
the role of 2 small or negligible correction to the
predominent processes (atomic and nuclear photo-
effect, Compton scaitering snd pair and triplet
production) in the theoretical analysis of the total
mass attenuation coefficient p/p. However, this eflect
plays a major role in the analysis of measurements
of much less probable elastic or quasi-elastic scattering
processes such as Delbriick [126] scattering, nuclear
Thomson scattering and nuclear resonance scattering
(for reviews of these latter three processes see, e.g.,
references [127-130}]).

The angular distribution do.n/d2 for coherent
(Rayleigh) scattering is given approximately, neglect-
ing multi-atom array interference eflects (e.g., Bragg-
law diffraction), by multiplying the distribution
function do;/d$ for classical Thomson [131] scattering
by an electron,

dor/d Q=

%

(14 cos? 6) (58)
by the square of the atomic form factor F(g,Z), giving
domh/du=§°— (1+cos? §) [F (g, Z)). (59)

In equation (59), since &’=2% in the coherent scattering
provess, the momenturn transier parameter ¢ (see
equation (55)) reduces to

g(coh) =2k sin (8/2). (60)

From equation (59) the integrated coherent scattering
cross section can be written

acohzqrrﬁf:l (14 cos?6) [F(g, Z))*d (cos 8) (61)

from which values of o, were computed and tabulated
in reference [65] for photon energies 0.1 keV to 100
" MeV for all elements Z=1 to 100.
In table 6 the listed values of oo “(SCATTERING,
COHERENT”) were taken directly {rom tiable Il
of reference [65] for photon energies 1 to 100 MeV.
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For photon energies 100 MeV to 100 GeV the listed
values were extrapolated from the reference [65]
100-MeV values, making use of the high-energy E-2
dependence for this process.

6. Atomic Photoeffect

In the atomic photoeffect, a photon disappears and
an electron is ejected from an atom. The electron
carries away all the energy of the absorbed photon,
minus the energy binding the electron to the atom.
As can be seen in figures 1-3 this process is only
slightly more important than coherent scattering in
the photon energy range above 1 MeV here considered,
making a small or negligible contribution to o4, except
for high-Z elements and photon energies below 10 MeV.

The most extensive set of theoretical atomic photo-
effect cross section values in an energy range relevant
to the present tables is that of Scofield [132]. Scofield
used a Hartree-Slater central potential to calculate
the total photoeffect cross section = and for all indi-
vidual subshells 7k, 71, T,y 71 Tvy - - - f0T all atoms
Z=-1 to 101 for photon energies 1 keV to 1.6 McV.
Reference [132] also provides subshell renormslization
factors for elements Z=2 to 54 to convert his results
to the presumably more-accurate relativistic Hartree-
Fock atomic model values. The un-renormalized
Scofield values have been graphically compared by
Hubbell and Veigele [133] with a large body of meas-
ured (total u/p with theoretical scattering subtracted)
photoeffect data.

For purposes of the present compilation the Scofield
values have been renormalized as prescribed above
({for Z=2 to 54, to the relativistic Hartree-Fock model)
and are used in the energy region 1 to 1.5 MeV. For
higher energies these renormealized Scofield total photo-
effect 7 values were extrapolated to 100 GeV using the
energy- and Z-dependence of the K-shell photoeffect -
cross section rx empirical expression [26]

- 4 Qnt b2 - b
TK:Z&,I;] 1+¢,Z £ atom (62)

in which E s in McV and the parameters are

n Qy bn (2 Pa
1 1.6268.10-¢ —2.683-10"12 4.173-1072 1

2 1.5274.10-® —b5.110.10-1 1.027-1072 2
3 1.1330.10-* —2.177.10"2 2.013-10—* 3.5
4 —9.12

.10-11 0 0 4

Equation (62), fitted to n combination of theoretical
and measured data, goes to the Pratt {134] numerical
values for i in the high energy limit.

in table 6 the listed values of the total atomic
photoeflect. cross section 7, “PHOTOELECTRIC,”

are

3. Phys. Chem. Ref. Data, Vol. 9, No. 4, 1980
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=:r(Scofield, E)

7} _ r(Scofield, 1.5 MeV)
T k(1.5 MeV)

E=<1.5MeV

1.5 MeV<E
<100 GeV (63)

TK(E)

in which 7x(E) was computed using equation (62).

7. Photonuclear Absorption Cross Section

This effect consists of nuclear interactions initiated
by the absorption of a photon. The most likely result
of such an interaction is the emission of a single
peutron, but one must also consider the emission of
charged particles, gamma rays, or more than one
neutrcn. Available experimental and theoretical in-
forma jon on such interactions is discussed and
reviewed in a collection of benchmark papers on this
topic .1ssembled and edited by Fuller and Hayward
[135).

The most characteristic feature of the cross section
for nuclear absorption of photons is the ‘giant
resonar ce.” This is a broad peak in the absorption
cross siction centered at about 24 MeV for light
nuclei, decreasing in energy with increasing mass
number to about 12 MeV for the heaviest stable
nuclei. ~*he width “T” (energy difference between the
points at which the cross section drops to one half its
maximu.n value) varies from about 3 MeV to 9 MeV
depending on the detailed properties of individual
nuclei. 'The relative magnitude of this resonance
feature n the photonuclear cross section opna is
shown ir figures 1-3 in comparison with the atomic
cross sections.

When studied with finer resolution the gross
“resonan.:e” is found to have considerable sub-struc-
ture. A jrominent feature of this sub-structure, for
nuclei hoving large permanent deformations, is a
splitting «f the giant resonance into two main peaks.
In genera., those nuclei having either large permanent
deformations or large ‘“dynamic deformations” (re-
sulting from the vibrational nature of the nuclear
gound stae) have their giant resonance spread over
the widest energy range.

The gross parameters of the giant resonance: o,, the
value of oy, . at the peak-energy E,, and T, the peak
width at half-max, have been compiled by Fuller et al.,
1136] (tablc 1) and by Berman [137] (table I), |51]
(tables 1V, V) for a number of nuclides.

From these parameters the giant resonance can be
approximatcly reconstructed by assuming that it has
the shape of a Lorentz line (see, e.g., Fuller and
Hayward [138], equation (2.5), p. 117, and Hayward
[50], equation (1.4)):

E*r?

ovnn (E) = 00—y gope’ (64)

or for a doubl: peak, the sum of two such Lorentz lines,
in which cas: two sets of ¢,, E,, and T values are
provided.
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However, the best source of data for individual
nuclei is at present the technical literature, especially
for low Z elements where the Lorentz line representa-
tion of the nuclear absorption cross section can hardly
be used. In addition it should be noted that besides the
giant resonance there is considerable nuclear absorp-
gion above the pion threshold arising from the excita~

~ tion of the first resonance state of the individual

nucleons. Very few experiments [139-141] have been
made in this so-called A-resonance region indicaiing 8
very broad peak around 300 MeV, the peak cross
section of which is roughly 2-3 percent of the electronic
cross section for light elements.

Available data in the literature can be located by
means of the NBS Photonuclear Data Index {136, 142]
which is an annotated index and bibliography of
references containing experimental data on photo-
nuclear reactions. Each index entry gives specific
quantitative data about the type of information
available in each reference. The source of data used
to compile this index is the NBS Photonuclear Data
File. This file consists of data sheets containing ab-
stracts of the significant date (both numerical and
graphical) from each reference. These data sheets,
as well as a reprint collection of all references ab-
stracted, are on deposit at the Photonuclear Data
Center at the National Bureau of Standards.

8. Total Atomic Cross Sections, Mass Attenvation
Coefficients

8.1. Description of Tables

Table 6 contains photon cross sections in units of
barns/atom computed as described in sections 2 to 6
for the individual photon interaction processes,
omitting the isotope-dependent. photonuclear cross
section oy o, discussed in section 7.

In the first column of table 6 are listed 56 incident
photon energies from 1 MeV up to 100 GeV. Included
in this energy-grid are the pair and triplet threshold
energies 1.022 MeV and 2.044 MeV, respectively, also
1.25 MeV to approximate the mean energy of the 1.17
MeV and 1.33 MeV Co® gamma rays. From 2 MeV
to 16 MeV the grid energies are in 1-MeV increments,
and from 16 MeV to 30 MeV are in 2-MeV increments,
to minimize imterpolation errors when applying this
table to analyses of photonuclear cross sections and
for other purposes. Above 30 MeV the Grodstein
[24] energy grid (10*X1, 1.5, 2, 3, 4, 5, 6, 8 and repeat
with 10"+, 10"*%,. . .) is used.

In columns 2 and 3 the “SCATTERING, CO-
HERENT and INCOHERENT” cross sections
Geon 8D omeon aTe taken, respectively, from reference
[65] as discussed in section 5, equation (61), and from

reference |64] as discussed in section 4, equation (56).
Tn column 4 the “PHOTOELECTRIC” cross section
7 is an interpolntion and extrapolation of the Scofield
1132] results ns discussed in section 6. In column &

the “PAIR PRODUCTION, NUCLEAR FIELD”
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cross section x, was computed using equations (41)
and (42) (section 2.5) which include screening, Cou-
lomb and radiative corrections. In column 6 the
“PATR PRODUCTION, ELECTRON FIELD” (trip-
let) cross section k. was computed using (49) in which
screening, radiative, exchunge and retardation effects
are included, approximately, as discussed in section
3.5. Column 7, denoted “TOTAL”, lists the total
“electronic’’ cross section ¢eiec Which is the sum

Uelec=acoh+alncuh+7+Kn+Ke (65)

of the cross sections in the preceding columns 2
through 6.

For application to practical problems involving
bulk media (shielding, medical and industrial radio-
graphy and dosimetry, ete.) the atomic cross sections
(barns/atom) in column 7 must be converted to linear
attenuation coefficients u in units of reciprocal length
(e.g., » in m™ or cm™!) or {o mass attenuation co-
efficients u/p In units of reciprocal mass-per-unit-area
(e.g., u/p iIn m?%kg or em?g). The linear attenuation
coeficient p is dependent on the density p (see table 7)
which can vary widely for a given element (gas vs
Jiquid or solid, etc.). Hence the density-independent
mass attenuation coefficient p/p (in m/?kg) is more
customarily tabulated ,and is listed in column 13,
“TOTAL”, corresponding to the “TOTAL” electronic
CTOSS Section oee. listed in column 7.

The conversion from column 7 ceic values (barns/
atom) to column 13 p/p values {m?/kg) is accomplished
according to

#/p(m?kg) =0cerec(b/atom) - N4/A, (66)

in which N, is the Avogardo constant (6.022045-10%
mol ). The atomic weights A, [143-146] are listed in
table 7, also in the heading for each element-page
in table 6 followed by the conversion factor

1043

; kg
(Nafds) [(b/atom) '

The latter factor is also used for converting the re-
maining columns 2 to 6 to columns 8 to 12 for the
individual interaction processes.

For users of these tables desiring u/p in cm?/g units,
columns 8 to 13 are converted from m*kg to cm?/g
by multiplying the entries by 10.

8.2. Discussion of Errors

In view of the various approximations and corree-
tions used in this work, also the random and possible
systematic uncertainties in the measured data used
for verification and for the one empirical adjustment
(arbitrary sine-function low-energy cut-off of the
radiative correction to ), the absolute accuracy of
detec @nd p/p in table 6 is probably not better than
1-2 percent. Uncertainties for the individual interac-
tion cross sections o, Oipcon, T, #a, 2nd k. May be
several percent or more, particularly in regions where
the given cross section makes a negligible contribu-
tion 10 oejec.

The present (table 6) values for o¢. agree withip a
few tenths of a percent or better with ., values
deduced as

Oetec™0Otot™ COph.n. (67)

from the extensive high-precision oy, measurements
by the Mainz group (Ahrens et al. [1, 2]). This agree-
ment, in which the op .. data [51, 136, 137, 142] used
in such an analysis (see; e.g., reference [3]) is primarily
(ym) daia not dependent on assuined knowledge of
Oelec; SUggest that the uncertainty in the total non-
nuclear cross section e in the intermediate energy
region (~10 MeV to ~200 MeV) may be 0.5 percent
or better.

1. Phys. Chom. Reé. Date, Vol. 9, Ne. 4, 1980
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Tante 6. Cross seetions and mass

Z=1 to 100—Continued

7= 2

PHOTON
ENERGY

Ev

14000406
2z+00
2250406
14500406
22000406
24064406
2s000%06
44000406
5«000+40&
6000406
7:000+06
84000406
94000406
14000407
14100407
12200407
14200407
1e400+07
14500407
14600407
1e800+07
20000407
20200407
24407407
00407
24200407
34000+07
44000407
Ce0C0+QT
6e000+07
BaD0C407
1s000+08

14500408
00408

2000408

LaDND+08
50500408
68000-0A

24300408
14000409
14500409
20000409

3,000+09
LeD00+09
54000409

60000409
Zs00CreY

1000410
12500+10
24000+10
3.000+410
64000+10
5000410
64000410
8¢000+10
14000+11

HF s HELTUM
SCATTERING
COHERENT  INCOHERS
8/ATOM B/ATOM
54112-05 4228-01
6488%4-03 4e¢1833-01
34272-05  3,780-01
20272-05 34436-01
14278-05 24932-01
14224-05  2,896-01
5¢680-06 2,307-01
32195-06 1,924-01
24045-06  14662-01
16620-06  14669-01
10063-06  14320-01
74988-07 14201-01
64312-07  14104-01
S5e¢112-07 14023-01
4£e225-07 $e543-02
34550-07 24950-02
20025-07 84431-02
24608-07 7.976-02
20272-07  74572-02
1.997-07 74211-C2
1457807 6+591-02
10278-07 64078-02
10056-07 54645-02
5e876-08 54275-02
74562-08  44954-02
60521-08  44673-02
5680-08 44425-02
3:195-08 34516-02

045-08  22933-02
1420-08 2.529-02
72986-09  14994-02
5e110-09 14655-G2
24271-09  14179-02
12278-0% 92242-03
50678-10 64551-03
30194-10 5.130-03
20044-10 44247-03
10420-10  34036-03
74985-11  24840-03
50110-11  2.336~03
20271-11  14632-03
10278-11 14263-0%
Se678-12 8.4771-04
341946=12  64773-04
2e044-12  54542-04
16620-12  4£4699-04
Te?235-13 z21-06
5e110-13  24956-04
24271-13  2.043-04
1e278-13  14571-64
54678-14 1.083-04
3.194-14  814316-05
20044=14  64772-05
10420-14  S5e724-05
74985-15  4£2389-05
5¢110-15 34571-05

attennation cocficients for the individual and tntal phaton atam intaraction processes, 1 MeV to 100 GeV,

ATOMIC VTe = 6400260

PHOTO -
ELECTRIC

R/kTOM

84663-08
8429608
5e662-08
4Le140-08
24632-0¢
2:549-08
12492-08
14033-(2
74379-09
6.361-09
Se330-09
4e585-05
Le022-0°
3¢581-09
3+228-09
2092709
2:695-09
2448909
20312409
2¢159-09
190609
1.707-09
125465-09
1e411-09
1+29€-09
1202-09
14119-09
84327-10
cs629-10
Ce506-10
be113-10
3s282-1¢
20181-140
1632-1¢
14087-10
Belht-11
68512-11
Seaz3-11
Ledb7-11
3e253-11
24168-11
10626-114
14083-11
Pel26-12
64500-12
5e417-12
Geoz-12
34250-12
20166-12
14625-12
1.0823-12
8412413
6469913
S5e416-13
Le062-13
3e249-132

PATR PRODUCTION

NYCLEAR
FIELD

B/ATOM

3e665-02
34466-02

ELECTRON
FIELD

B/ATOM

0,000

G000

04000

Ue000

0,009

04600

8,070-05
3¢295-04
64565-04
1,006-03
14360-03
14761-03
24028-03
22339-03
24635-03
24915-03
34180-03
34432-03
34672-03
24901-03
he328-03
4e718-03
54079-03
Se413-02
Se723-02
64013-03
6+285-03
7e437-03
Be264-93
94087-03
1025-02
1e115-02
14271-02
12375-02

24026-02

MSQ/KG =

TOTAL

B/ATOM

£4229-01
44183-01
34781-01
3.4438-01
24939-01
2490401
2.328-01
Ta960-01
Te713-01
14533-01
14397-01
14289-01
14203-01
T4132-01
14072-01
14021-01
Ge775-02
94394~02
92060-02
8476502
84208-02
74866-02
7¢535-02
74258-02
7¢024-02
64823-02
60651-02
6+058-02
SeTz1-02
5e514-02
5¢284-02
56174-02
54083-02
Sed74~02
Se107-02
S5e146-02
S5e181-02
5e209-02
5e252-02
5.282-02
54331-02
50360-02
5¢394-02
Set17-02
5442%9-02
Seb29-02
Jeasz-02
Set61-02
S5e470-02
5¢L78-02
5484-02
5¢488-02
5#492-02
54493-02
50494-02
5e496-02

«01504533 BARMS/ATOHM

SCATTERING

COHERENT INCOHERS .

HSO/KG MSO/KG

74691-07 60361-03
Te363-07  $s293-03
4£0923-07 54687-03
3¢418-07 54170-63
10923-07 44411-03
10842-07 4e357-03
8e546-08 471-03
4e807-08 24895-03
34077-08 2450103
20136-08 2+210-03
14569-08  14986-03
1420208 1.807-63
9¢497-09 14661-03
72691-09 14539-03
6435709 1e636-03
50361-09 14247-03
£e551-09 14268-03
30924-05  14200-03
34418-09 14139-03
34005-09 14085-G3
20374-09  94916-04
14923-09 9.145-04
14589-09 R4493-04
14335-09 7.936-04
1¢138-09 74653-04
94811-10 7.027-04
Ba546-10 64658-04
44807-10 54290-04
3ea77~10 Geb106~04
20126-10 34805-04
1202-10 34000-04
70688-11 24490-04
3e417~11 14774-04
1052311 14390-04
€e543-12 94856-05
44805-12 74718-05
30075-12 6.390-05
2e136-12 3e670-0%
1e201-12  £4La273%-05
746B8-13  34515-05
2e417-13  24455-05
14923-13  1.900-05
Be543-16 14321-06
L#B805-14 14020-05
30075-14 Ba338-06
20136-14  74070-06
1a201-14 50448-00
7+688-15 4atlL7-0€
38417-15 34074-06
12092315 24364-06
8s543~16 14629-06
4eB05-16 14251-06
3e075-16 14019-06
20136-186 Ba612-07
10201-16 64603-07
74668-17 54373-07

ML

PHOTO~
ELECTRIC

MS0/KG

14303-09
19264809
8¢519-10
£2229-10
34960-10
34835-10
24245-10
10554-10
12185-10
9eS570-11
Be019-11
6e898-11
64051-11
Se385-11
Le857-11
Lel19-11
4e055-11
34745-11
3a678-11
3e248-11
24868-11
24568-11
24325-11

4e894-13
30262-13
2eL66-13
10626-13
10223-13
9e779-14
8e150-14
Gatti-1a
4L4890-12
34259-14
2ebkb5-14
14629-14
1e222-14
94776-15
Ba1469-15
ba111-15
LeBBR-15

TIPLY MSO/KG BY 10 FOR (MSQ/G

PAIR PRODUCTICN

NUCLEAR
FIELD

MSQ/KG

0e00C

DeGTC

Le705-07
20640206
14058-05
10161-95
34039-05
Le536-05
£.627-05
84153-05
951005
14074-04
12185-04
14287-04
1.379-04
1046404
1e564-04
12617-04
10687-04
14751-G4
14872-04
1098004
20079-04
2e170-04
Ze254-bd
24331-04
20402-04
20705-04
ze937-04
34123-04
34408-04
Za617-04
30961-04
Lel75-04
Lak25-04
49575-04
Le673-08
4Ge7lZ=00
LeBI7-04
4489704
4e986~046
5036-04
SeG85-04
54197-04
5¢135-04
Se147-04
Selfia-04
50174-04
50186-04
50195-04
5+203-04
5.207-04
5:210-0&
54212-04
5.213-04
54215-04

ELECTRON
FIELD

KS0/KE

00000
L1

24395-04

2+692-04
2478904
24P41-04
22898-04
24931-04
2+950-04
24965-C4
24965-04
22997-04
3401404
3.023-04
3003204
3003E-04

34048-04

TOTAL

MSD/KG

64362-03
Gw294-023
54688-032
5¢172-03
Lelk?2-02
6e369-03
3503-03
24549-03
24577-03
24307-03
24107-03
14940-03
14810-03
1¢703-03
14613-03
14537-03
1e471-03
1061703

0262-07
14319-03
1e2bh-07
1a172-97
14174-03
Teu®2-63
14657-03
1402703
1007-02
Pa114-04
Fa0%~04
Pe296-C4
749%0-04
7a78L-04
7Te6L8-G4
Tab26-04
7462404
7e742-04
74795-04
Tel27-04
709%2-04
72946-04
2e021-04
3e065-04
84115-04
8415064
84169-04
By 1R 2-0L
Qez01-04
Be216-04
8423006
8e241-04
Be251-04
84257-0¢
B42h%-04
Be264-00
Pe266-04
Ra268-04
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PAIR, TRIPLET, AND TOTAL ATOMIC CROSS SECTIONS FOR PHOTONS
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PAIR, TRIPLET, AND TOTAL ATOMIC CROSS SECTIONS FOR PHOTONS
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PAIR, TRIPLET, AND TOTAL ATOMIC CROSS SECTIONS FOR PHOTONS
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PAIR, TRIPLET, AND TOTAL ATOMIC CROSS SECTIONS FOR PHOTONS
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